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I. Introduction
Radiation from the shock layer during atmospheric entry plays a significant role in the design of modern space vehicles. Efficient and accurate modeling of shock layer radiation is absolutely necessary for the optimum design of new generation space vehicles. A large number of studies has been performed for Earth reentry conditions, [1] [2] [3] analyzing basic mechanisms and processes contributing toward radiative heat fluxes. A number of similar studies has been performed for entry into the atmospheres of Titan, Saturn's largest moon, [4] [5] [6] and Mars. [7] [8] [9] In the above mentioned atmospheres a number of carbonaceous species including C,CN, C 2 , CO, and CO 2 emit significant amounts of radiation leading to large heat loads on the spacecraft. Titan, for example, has an atmosphere of N 2 with a small amount (2-3%) of methane. At high temperatures, dissociation of methane leads to the production of the cyanogen radical (CN), which is a very strong radiator. Radiative heating from the CN molecule was predicted to be of critical importance in the design of the European Space Agency's (ESA) Huygens probe. At peak heating the radiative heat flux was predicted to be as high as twice the convective heat flux.
?, 10 For NASA's Titan Aerocapture mission, analyses have predicted that radiative heating from CN can be as high as 300 W/cm 2 at the stagnation point, 4, 5, 12 more than 4 times the convective fluxes. Over 90% of the contribution toward the radiative heat flux may come from the CN (violet) band and the rest from the red band. Similarly, in a CO 2 -N 2 atmosphere, typically found on Mars and Venus, shock layer radiation is dominated by the CO (4+) band system, along with the CN (Violet) and CN (Red) band systems. [7] [8] [9] Thus, in typical carbonaceous atmospheres the main radiating species are CN and CO. Furthermore, these two species are significant when ablation of thermal protection systems (TPS) is considered. The concentration of ablation products is generally higher in the cooler boundary layer region and, therefore, ablation species may have relatively larger absorption than emission. This may result in lowering of radiative heat fluxes, but, in turn, may also lead to larger convective fluxes due to a hotter boundary layer. The main ablation products that emit strongly and lead to an increase in wall heat flux are CN and C, while other species like the continuum of atomic C and the vacuum ultraviolet band systems of CO, C 3 , and H 2 also lead to some absorption in the boundary layer. 13, 14 The fourth positive band system of carbon monoxide, CO (4+), is one of the most important absorbing species among the ablation products. 15 A reduction of 7-9 % in the wall heat flux was predicted by Johnston et al. 13 for the Apollo peak heating case.
The current work focuses on spectral modeling of violet and red bands of CN. The models presented in this work can easily be extended to other carbonaceous species and molecular bands, which will be considered in future work. The objective of this paper is to develop an efficient and accurate spectral model and database for solving radiation problems for typical entry conditions in carbonaceous atmospheres. A databasing scheme will be developed to store precalculated k-distributions, from which required spectral data can be interpolated very quickly. The new k-distribution model along with the databasing scheme will provide an efficient yet accurate way of generating gas radiative properties and solving the RTE.
II. Radiation models
NEQAIR96
16 has been the most widely used code to perform nonequilibrium radiative calculations, providing line-by-line data of nonequilibrium radiative properties of hypersonic shock layer plasmas, along with a primitive one-dimensional radiative transport algorithm. Other codes that have been used for simulation of CO 2 /N 2 plasma are SPECAIR 17 and SPARTAN. 18 The HARA code developed by Johnston et al. 13 has been used for solving radiation problems in ablating atmospheres. A comprehensive validation of different radiation codes for CN has been given by Wright et al., 19 who found that the spectroscopic properties given in NEQAIR96 are sufficient to model CN bands, even though there are significant differences between the excitation models employed by different codes. In this work, spectroscopic data for the red and violet bands of CN are mostly taken from NEQAIR96 with some values replaced by more accurate data from Laux's work. 17 Molecular radiation is marked by the presence of a large number of ro-vibrational bands, with each band having large numbers of rotational lines. This, in turn, requires an extremely large number of spectral points to describe emission and absorption from all lines. A snapshot of the absorption spectrum of the CN violet band is given in Fig. 1 , identifying the five strongest vibrational bands. The violet band contains about 59 vibrational bands, each band containing more than 200 rotational lines. Similarly, the red band contains about 235 vibrational bands. The strong spectral structure of radiative emission requires a line-by-line (LBL) solution of the RTE at several hundred thousand wavelengths, making it extremely expensive and unfeasible for solving molecular radiation problems coupled with a flow solver. The violet band is strongly self-absorbed and, therefore, it is important to accurately represent the spectral coefficients for this band. On the other hand, the red band is relatively optically thin and does not require very accurate spectral representation. It will be shown that a gray calculation for this band provides results accurate within 5% compared with the LBL method.
To reduce the computational effort of the LBL method, a smeared rotational band (SRB) model was developed by Patch et al., 20 which was further improved and extended by Chambers. 21 The SRB method is used in the LORAN and the HARA codes to model molecular band radiation. In the SRB model a number of rotational lines are combined, such that the average shape of each vibrational band is captured. Also, the formulation is done in such a way that the method returns accurate total radiative flux in the optically thin limit. It was shown that, for optically-intermediate conditions, the smeared-rotational band approach is inadequate. Johnston et al. 22 found that representing the CN violet band by the SRB model leads to over-prediction of the radiative flux by up to 40% relative to the LBL method. They proposed a simple modification to the SRB model that improved its accuracy in optically-intermediate conditions. In the new model, called SRBC (smeared-rotational band corrected), the rotational temperature is tuned in such a way that the band shape conforms well with the actual shape and gives more accurate results than the conventional SRB model.
It has been shown in the field of atmospheric radiation 23, 24 that, for a small spectral interval in a homogeneous medium, the absorption coefficient may be reordered into a monotonic k-distribution, which yields exact results at a small fraction of the time required for line-by-line calculations. It was found in the field of combustion that such k-distribution reordering can also be done for the full spectrum and applied to inhomogeneous media. 25, 26 It was recognized [27] [28] [29] that, in high temperature combustion applications, at significantly different temperatures different spectral lines dominate the radiative transfer, and the assumption of a correlated absorption coefficient breaks down. Similarly, in a mixture of gases the correlation breaks down in the presence of strong concentration gradients, as recognized by Modest and Zhang. 25 To overcome some of these difficulties, Modest and Zhang developed two different approaches: the multi-scale full-spectrum correlated-k distribution method MSFSCK, 30 in which different lines are placed into separate "scales" based on their temperature dependence, and the multi-group full-spectrum correlated-kdistribution method MGFSCK 31 where different spectral positions are placed into different spectral groups according to their temperature and pressure dependence. In the multi-scale approach the spectral scales may overlap, and the overlap between scales is then found in an approximate way, which may lead to additional inaccuracies. In contrast, the multi-group model avoids the problem of overlap between the spectral groups, but it is not trivial to apply to gas mixtures. Here the multi-scale approach will be adopted to group spectral lines.
Most k-distribution models to date have been developed for molecular band radiation in thermodynamic equilibrium and at relatively lower temperatures. Recently, Bansal et al. 32 have developed a multi-group FSCK method for high-temperature nonequilibrium atomic radiation problems, which has greatly enhanced the efficiency of radiative calculations in the Earth's atmosphere. They also developed a database of narrow-band k-distributions, from which any desired full-spectrum k-distribution can be calculated on-the-fly, resulting in further reduction of computational time. 33 From an FSCK point of view the problem of molecular radiation in hypersonic nonequilibrium flows is somewhat more challenging than the combustion problems and nonequilibrium atomic radiation problems, because of thermodynamic nonequilibrium and the presence of a large number of species, each with a large number of ro-vibrational bands. In thermodynamic nonequilibrium the Planck function is not a function of just one temperature; rather it depends on a large number of parameters in a complex way. This makes the development and implementation of the k-distribution model very challenging in such applications.
III. Basic Equations
In a simplified form the absorption and emission coefficients of molecular species at any given wavelength can be written as the sum of contributions from all overlapping lines as
where n ℓ ′ and n ℓ ′′ represent populations of upper and lower states associated with line ℓ, Φ is the Doppler line shape function. Since most molecules are present in regions of low pressure and low number density of electrons, the effects of collisional and Stark broadening are likely to be insignificant and Doppler broadening is adequate to model line shape. The population density of any ro-vibrational level is given by
where n i is the population and Q i vJ is the ro-vibrational partition function associated with the i-th electronic level. At equilibrium the electronic state population is given by the Boltzmann distribution as
where n M is the number density of the molecule and the summation in the denominator is taken over all electronic levels. Most previous excitation predictions for the CN molecule have been carried out assuming an equilibrium Boltzmann population distribution, which has has been shown to lead to over-prediction of radiative heat fluxes by a factor of two compared to those predicted by nonequilibrium models. 34 In case of nonequilibrium, a collisionalradiative approach instead of Eq. (4) is used to calculate the electronic state populations. As the purpose of this study is to develop spectral models -which should work with both the equilibrium and nonequilibrium electronic state population distributions -here a Boltzmann distribution is assumed to populate the electronic states of CN (X 2 Σ + , A 2 , B 2 Σ + ). Using the above relationships, the emission and absorption coefficients can be written as
and
where indices i and j refer to the upper and lower electronic state of the transition, respectively. Under nonequilibrium the Planck function I ne b is defined as the ratio of emission and absorption coefficient,
which no longer is a smooth function and varies erratically similar to the absorption coefficient as is shown in Fig. 2 .
IV. Multi-scale Planck function-weighted full-spectrum k-distribution: MSFSCK
The biggest challenge with the full-spectrum k-distribution method is that it can be relatively inaccurate for inhomogeneous problems with strong gradients in temperatures and concentrations. In the multi-scale method the accuracy of the correlated-k method is improved by separating the absorption coefficients from a single gas or a gas mixture into a number of scales. Due to nonequilibrium effects, the multi-scale full-spectrum k-distribution model is ideally suited for gas mixtures in nonequilibrium plasmas. Some lines tend to become stronger with increasing temperature while others tend to become weaker. The spectrum can be broken into scales to separate lines depending on their temperature dependence, in order to improve the accuracy of the correlated-k distribution method. In this section the basic methodology of the multi-scale k-distribution method is presented. Following the work of Zhang and Modest, 30 the gas mixture is split into M different scales. The total absorption coefficient for the gas mixture can then be written as
where φ is the gas state vector which, in general, includes number densities of different species and up to four temperatures T , T e , T v and T r . Following the convention to treat different electronic bands of the same molecule as seperate species, summation in Eq. (8) is over all scales of all bands. The RTE for the nonequilibrium gas mixture can be written similar to the equilibrium case as
where I ne bmλ is the nonequilibrium Planck function and κ mλ (φ) is the absorption coefficient for scale m. Now, splitting the total spectral intensity into M terms, one for each scale, i.e.,
I mλ (10) substituting Eq. (10) into Eq. (9) and separating the equation for the m-th scale,
Each of these M equations is an RTE for the spectral intensity emitted by one gas scale, but attenuated by the entire gas mixture. Next, Eq. (11) (12) provided that at every wavelength across the entire spectrum, where κ mλ (φ 0 ) = k m , we also have a unique value for κ mλ (φ) = k * m (φ, k m ) everywhere within the medium. Here I mk and f m are defined as
where f m (φ, φ 0 , k) is the Planck function weighted full spectrum k-distribution for scale m, which depends on reference state conditions φ 0 through the absorption coefficient and local conditions φ through the nonequilibrium Planck function. The above equation can be rewritten as
where λ m is defined as the overlap factor of the m−th scale with the entire gas. In general,
Here λ nm is the spectral overlap of scale m with scale n. Note that I mλ = 0 wherever κ mλ = 0, as I mλ is related to emission from the m-th scale. 
with
where g m is the cumulative k-distribution and a m (φ, φ 0 , g m ) is a weight or nongray stretching function given by
where in Eq. (19) a monotonically decreasing cumulative k-distribution function has been defined for numerical precision reasons. Also, in numerical calculations it is difficult to evaluate the ratio of the k-distributions f m , due to their erratic behavior (having singularities at each minimum and maximum of the absorption coefficient 26 ); it is much more convenient to evaluate the derivative dg m /dk m , as indicated in Eq. (20) .
A. Evaluation of overlap factor
To predict the effect of overlap among various gas scales is not a straightforward task. As k-distributions do not retain any information of the spectral location of absorption lines in various band systems, it is impossible to combine the individual k-distributions into a single mixture k-distribution exactly. The overlap factor in Eq. (17) is evaluated in an approximate way, such that the multi-scale FSCK model obtains the exact result for emitted intensity emanating from a homogeneous layer. 30 First, Eq. (17) 
The total intensity for the m-th scale can then be determined from
Equation (11) can also be reordered by multiplying with δ(k − κ λ (φ)), i.e., the total absorption coefficient. For a homogeneous cell this gives
where
Integrating Eq. (23) leads to
The total intensity is obtained by integrating over k-space as
which is exact for the homogeneous case. The total intensity obtained by the two methods for a homogeneous layer from Eq. (22) and Eq. (26) must be identical. Comparing the results leads to the following two requirements:
A computationally convenient way to solve the above, as suggested by Zhang and Modest, 30 is
This is an implicit relation from which λ m -values need to be evaluated for a set of k m -values.
B. Scaling of absorption coefficients
Since the assumption of a correlated absorption coefficient may not be valid for the entire spectrum, a criterion needs to be set to create scales of absorption coefficients. In this section a methodology is presented to separate absorption lines into scales based on their temperature behavior. 30 First, the dependence of absorption line strengths, S , on temperature is analyzed. In Fig. 3 normalized absorption line strengths are plotted as a function of temperature for a number of selected lines. Since the absorption coefficient primarily depends on the lower state population (n Fig. 3 . Based on this visual observation, an unoptimized scaling scheme is first chosen, which is summarized in Table 1 .
Next, the scaling model is optimized by following the optimization scheme proposed by Pal et al. 36 According to this scheme, an average S -profile is first calculated as a function of temperature for each unoptimized scale using the following expression.
where i is scale index, j is temperature index, and summation in the above expression is taken over all rotational lines that are assigned to scale i; S ℓ is the line strength, I bλ ℓ is the equilibrium Planck function at the center of line ℓ and T ref is the reference temperature taken equal to 12,000 K. The resulting S (T )-profiles are plotted in Fig. 4 .
Next, for each line normalized departures of its relative temperature dependence from the average S -profiles are evaluated and the minimum value is found as
Thus, if ǫ ℓ1 < ǫ ℓ2 the line goes into Scale 1 and vice-versa. This scaling model was applied to the violet band, and it was found that the scaling model summarized in Table 1 is adequate. The absorption spectrum for the two scales is given in Fig. 5 . Since the red band is optically thin, no scaling is required and a single scale is sufficient.
V. Multi-scale emission-weighted full-spectrum k-distribution: EMSFSCK
In this section a new FSCK model is proposed, which was found to perform better than the Planck-function weighted MSFSCK model under severely nonhomogeneous conditions. Equation. (11) for Scale m is rewritten as
As before, reordering Eq. (33) by multiplying with δ(k m − κ mλ (φ 0 )) and integrating over the entire spectrum leads to
where f m (φ, φ 0 , k) is the emission-weighted full spectrum k-distribution for scale m, and is defined by
The only difference between the new and the old scheme is the weight function used in the definition of the fullspectrum k-distribution. In the old approach the absorption coefficient is taken out of the integral in Eq. (35) by invoking the correlated-k assumption; however in the new approach no such approximation is made at this point. Now the above equation can be rewritten as
where, as before, λ m is the overlap factor of the m−th scale with the entire gas. , k m ), the RTE is transformed into the much smoother g-space
The overlap factor is calculated using the same approach as adopted for the MSFSCK method. This leads to the following two requirements
which is same as for the MSFSCK method and
which, as before, leads to an implicit relation from which λ m -values need to be evaluated for a set of k m -values. Both the old and the new approaches are based on the same arguments and, therefore, the overlap factor calculated from the two approaches should be the same; however, the new approach is neater and easier to implement. It requires generating two distributions, g m (φ, k m ) and g(φ, k); and then interpolating in g(φ, k) to calculate λ m = k for every g m (φ, k m ) value. In contrast, Eq. (29) requires evaluation of the two integrals in addition to a interpolation for finding the value of λ m
VI. Database of emission-weighted full-spectrum k-distributions
Full-spectrum k-distributions and overlap factors λ are rather cumbersome to generate. Therefore, to make use of the full potential of the FSK method, the required k-distributions must be evaluated from a precalculated database. The databasing methodology used here closely follows the work of Wang and Modest 37 and Bansal and Modest. , φ, g m ), respectively. 37 The parameter space for the database is defined by two separate gas state vectors, φ and φ 0 . Each of these vectors depends on three temperatures, T , T r , T v and on electronic state population n i . Under nonequilibrium the electronic state population is calculated using the Quasi Steady State (QSS) model, 34 which may depend on a large number of parameters. Any database containing all these dependencies on gas states is impractical as it would require huge storage space in addition to multi-order interpolation. To restrict the size of the database to manageable limits, it is imperative to factor the QSS dependency out from the expressions for emission and absorption coefficients. From the expression for emission coefficient, Eq. (5), the electronic state population is factored out and an emission cross-section is defined as
where ψ(T, T r , T v ) is a reduced gas state vector. The absorption coefficient, Eq. (6), is approximated by assuming that the upper state population n ℓ ′ is related to the lower state population n ℓ ′′ with a Boltzmann distribution at the vibrational temperature T v . This leads to
and an absorption cross-section is defined as
From Eq. (35), the emission-weighted full-spectrum k-distribution can then be rewritten as
and the cumulative emission-weighted full-spectrum k-distribution is defined as
Since k m (φ) and k ′ m (ψ) differ by only a constant for each electronic band, the cumulative k-distribution remains the same. Furthermore, the reference gas state φ 0 is assumed to depend on a single temperature (i.e., thermodynamic equilibrium state). With this simplification the parameter space is reduced to T , T v , T r and φ 0 . This will require a triple linear interpolation for the local gas state φ, assuming no interpolation is done in φ 0 . The gas state conditions used to generate the k-distributions are given in Table 2 . The database is generated for a number of fixed reference states. In an actual application one of these reference state is selected and no interpolation is performed. For the local gas state, it was found that more points are required for smaller values of all the parameters, for which the line shape is narrower. To allow for efficient search-free retrieval, this is achieved by selecting equally-spaced points along a power law distribution. Following Wang and Modest 37 and Bansal and Modest, 33 a compact and accurate emission-weighted full-spectrum k-distribution database was generated for the red and violet bands of CN, and also for a large number of molecular bands of other relevant species. The total size of the database is about 10 MB per molecular band.
VII. Sample Calculations
A. Two cell problem
The accuracy of the new model is demonstrated by solving a simple two-cell problem with strong temperature gradients. The example considers two 1 cm thick cells adjacent to each other and bounded by cold black walls. Concentration of CN in both the cells is 1.0×10 16 cm −3 . The temperature in Cell 1 is 2000 K while Cell 2 is at 10000 K. It is assumed that all four temperatures (T, T v , T r , T e ) are equal and populations of various energy modes are governed by the Boltzmann distribution. These conditions have been appropriately chosen from actual shock layer conditions. Such two-cell problems with typical conditions serve as an acid test for the method because of their abrupt step-changes in conditions. In actual applications gradients are much more benign and the accuracy of the model can be expected to be better.
First, results for the single scale model are presented for both the MSFSCK and EMSFSCK approaches. In Fig. 6 results for cold wall heat flux from the two FSCK methods are compared with the LBL results for a range of reference state temperatures. There is only weak dependence on reference temperature for both FSCK models, except at very low temperatures; however, the emission-weighted FSCK model performs much better than the Planck function-weighted FSCK model. For the EMSFSCK method the single scale model performs well while for the MSFSCK the absorption spectrum must be broken into two or more scales to improve its accuracy.
The same two cell problem is solved using the two scale model described before and the MSFSCK and EMFSCK approaches. In the two scale model the first task is to determine the overlap between gas scales. A plot of overlap factor for Scale 2 is shown in Fig. 7 . This is the spectral overlap for emission from Scale 2 and absorption by the entire spectrum. λ m is the sum of k m and the contribution from overlap with all other scales (in this case only Scale 1), implying λ m ≥ k m always. As mentioned earlier, the two FSCK approaches should predict the same overlap, which is verified from the plot in Fig. 7 .
Heat transfer results for the two cell problem are summarized in Table 3 for different spectral models. The overall accuracy of the k-distribution method is very good even for these extreme temperature gradients. The k-distribution method gives exact results for a homogeneous medium and/or a truly correlated absorption coefficient. Under extreme temperature gradients, k-distributions become uncorrelated, and the accuracy of the method deteriorates. The main factor contributing to this uncorrelatedness is the rise of weak rotational lines at higher temperatures. For the single scale model, heat flux from the EMSFSCK approach agrees to within 1% with that obtained from the LBL method, while the MSFSCK approach incurs about 8% error. When the effect of overlap is neglected, the two scale EMSFSCK model gives good agreement with the LBL method, and the accuracy of the MSFSCK approach improves to 3.5% as compared to 8% for the single scale. However, no-overlap fluxes are considerable higher than the actual heat flux values, indicating that there is significant overlap between the scales. When the approximate overlap model is applied to the EMSFSCK model the agreement with the LBL method is not very good, indicating that the present approximate treatment of the overlap is insufficient to model the overlap between scales accurately. Interestingly, the MSFSCK model-with the same approximate overlap as for the EMSFSCK model-gives better agreement with the LBL method, apparently due to compensating errors. It can be concluded from this exercise that the one-scale EMSFSCK model can be applied with great accuracy to model fluxes from the CN violet band.
B. Stagnation line flow field of Huygens spacecraft
Next, the multi-scale model was applied to the stagnation line flow field of the Huygens spacecraft regenerated from the work of Johnston. 38 The flow field for the stagnation line is shown in Fig. 8 . Wall heat flux and divergence of heat fluxes along the stagnation line were calculated using the LBL, one-scale EMSFSCK and the gray model. For this case the MSFSCK model performs as well as the EMSFSCK model. Very good agreement was found between the EMSFSCK method and the LBL method for both the red and violet bands with a maximum error of 0.3% for the violet band and 1.3% for the red band in wall heat flux. The EMFSCK method, employing a 16-point Gauss quadrature scheme for spectral integration in g-space, provides excellent agreement for the divergence of the heat flux along the stagnation line, as shown in Figs. 9 and 10. For the gray gas approach, significant errors were found for the violet band, indicating that self-absorption is important for this band. However, for the red band, gray results are in very good agreement with the LBL results.
The entire spectrum combining the red and violet bands can be treated in two different ways. The overlap between the violet and the red band is negligible and one can simply solve RTEs separately for each band and add the results together [FSCK (sum)]; or a single k-distribution can be generated for the entire spectrum followed by solving the RTE for the single scale [FSCK (tot)]. It can be observed from Fig. 11 that the FSCK (sum) approach performs slightly better than the FSCK (tot) approach. Treating individual bands separately provides better correlation among spectral absorption coefficients and, hence, better accuracy. However, this will require solving twice as many RTEs: 32 when both the bands are treated using a 16-point Gauss quadrature scheme and 17 RTEs if the red band is treated as gray. Even though all three schemes are very accurate, the most attractive choice is to treat the violet band with the k-distribution model and the red band with the gray gas model, which provides an accurate and efficient method to model radiative heat transfer. Finally, EMSFSCK results obtained from direct on-the-fly evaluation of spectral properties are compared with those evaluated using the database. The agreement between the two calculated results is excellent, as shown in Fig. 12 . This demonstrates the accuracy of the database in evaluating the spectral properties of the red and violet bands through interpolation and look-upappeared to be from central and south-east Asia, Africa or the mainly Muslim Caucasus region, and brutally attacked them.
VIII. Computational Efficiency
To quantify the efficiency of the k-distribution method together with the databasing scheme, computational times were measured for heat transfer calculation for the Huygens stagnation line problem discussed above. The LBL method requires calculating emission and absorption coefficients at hundreds of thousands of wavelengths and solving the RTE for each of the wavelengths. The measured CPU-times for the LBL generation of spectral data and solution of the RTE are given in Table 4 . Since time required in the LBL method directly depends on the spectral resolution at which spectral data are generated, results from two different resolutions are shown for comparison. The minimum wavelength resolution required for good accuracy is 0.05Å. The FSK method requires calculation of k-distributions from the database, calculating the a functions and solving the RTE at a number of quadrature points.
All calculations were performed on a single Pentium-Xeon 3.0 GHz processor with cache size of 4 MB. In the k-distribution method the database reading time is not included, as this is done only once and does not need to be repeated for each flow condition. The k-distribution method shows considerable savings in computational time for the generation of spectral data, as compared to the LBL data for both bands and for spectral resolutions. The time saving is even more significant in the evaluation of the RTE, as the RTE is evaluated at only few quadrature points, compared to hundreds of thousands evaluations in the LBL method. Since the red band contains a larger number of rotational lines than the violet band, the savings for the red band are more significant. Other higher order RTE solution methods for two-or three-dimensional geometries, e.g., the spherical harmonics and the discrete ordinate methods, are much more expensive than the tangent slab method, and one can expect enormous time savings when using k-distributions.
IX. Conclusions
A multi-scale k-distribution model was presented for the radiating bands of CN in thermodynamic nonequilibrium. State-of-the-art spectroscopic data for the ro-vibrational spectrum were collected from the literature. The red band of CN was found to be optically thin while self-absorption was observed to be important for the violet band. The overlap between the two bands was found to be negligible. To model self-absorption for the violet band accurately using the MSFSCK model, a methodology for scaling the spectral lines was presented. A new emission-weighted MSFSCK was developed that provides better agreement with LBL results. An efficient and compact database of precalculated k-distribution was generated. Heat transfer results for a 2 cell problem and the stagnation line flow field of the Huygens spacecraft show that the new model provides very accurate heat transfer results for gas mixtures at a small fraction of the cost of LBL calculations. 
